Ar + ion irradiation is used to induce a structural change from fcc to bcc in a 1.5 nm thick Fe film epitaxially grown on a Cu͑100͒ crystal. Scanning tunneling microscopy and low-energy electron diffraction show the nucleation of bcc nanocrystals, which grow with increasing ion dose. As a consequence of the structural change, the irradiated iron film becomes strongly ferromagnetic at room temperature. We present a model for the process of the transformation and demonstrate writing a magnetic pattern at the 100 nm scale by ion-beam projection lithography. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2969795͔
Patterning magnetic ultrathin films has a huge potential for ultrahigh density magnetic recording, 1 but also for other nanoscale magnetic systems, e.g., as pole pieces in the emerging field of manipulating biomolecules coupled to magnetic nanoparticles. [2] [3] [4] In contrast to conventional lithography, direct modification of the magnetic properties by ion-beam 5 or electron-beam 6 lithography is a one-step process, with significantly lower complexity and expense. In previous works on ion-induced magnetic patterning, the chemical order of alloys such as PtCo or FePt 3 was modified by ion bombardment, changing the coercivity, the easy axis of magnetization, or the magnetization of the material. 1, 7, 8 Transformation from a nonmagnetic to a ferromagnetic state is most desirable for applications, making it possible to write arbitrary magnetic patterns that are magnetically "isolated" by nonmagnetic regions. Using ion-beam induced chemical disordering for this purpose 8 requires sufficiently low Fe or Co content for the material to be nonmagnetic in the chemically ordered form. Therefore, these materials tend to have low Curie temperatures and relatively low magnetization values by design.
In this letter a different approach is demonstrated capable of patterning alloys with much higher Fe content by an ion-beam induced change in the crystallographic structure, from ͓at room temperature ͑RT͔͒ paramagnetic fcc ͑␥ -Fe͒ to ferromagnetic bcc ͑␣ -Fe͒. In our model system, pure Fe is evaporated on a Cu͑100͒ single crystal at RT. Films between 5 and 10 ML thick adopt the fcc structure of the substrate, although the stable bulk structure of Fe is bcc. 9, 10 The occurrence of rare bcc nuclei ͑"needles," see Ref. 11͒ shows that the fcc structure is only metastable with respect to transformation into bcc. Films thicker than 10 ML transform spontaneously to bcc, although alloying with C and O may increase the stability limit of the metastable fcc phase to up to 50 ML ͑Ϸ10 nm͒ thickness. 12 For our experiments, the Fe films were grown at RT on a sputter-cleaned and annealed Cu͑100͒ crystal by an electronbeam evaporator ͑deposition rate Ϸ1 ML/ min͒, which was calibrated using a quartz crystal microbalance. The pressure in the ultrahigh vacuum ͑UHV͒ chamber during Fe deposition was below 3 ϫ 10 −10 mbar. For ion bombardment of the films, we have used an ion gun with 50 m beam diameter scanning the sample at normal incidence. The time-averaged ion flux, gauged with a biased Faraday cup, was typically in the 10 11 cm −2 s −1 range. To study the magnetic properties, we used a surface magneto-optical Kerr effect ͑SMOKE͒ system to measure hysteresis curves using a He-Ne laser ͑632.8 nm͒ and a photoelastic modulator. 13 For the longitudinal SMOKE data ͑Fig. 1͒, the angle between the external field, oriented in-plane, and a ͗011͘ type in-plane direction ͓cf. Fig. 2͑d͔͒ was Ϸ30°. The scanning tunneling microscope ͑STM͒ is a commercial instrument housed in a separate UHV system equipped with the same type of evaporator and a similar scanning ion source. The STM images were obtained at RT in constant current mode with an electrochemically etched W tip.
We find that Ar + ion irradiation changes the magnetic behavior of 1.5 nm thick films ͑8.5Ϯ 0.5 ML͒ from paramagnetic to ferromagnetic with an in-plane easy axis and a remanent magnetization peaking at Ϸ80% of the reference value a͒ Electronic mail: albert.biedermann@univie.ac.at. from spontaneously transformed 3.6 nm bcc films ͑125 rad nm −1 for our setup͒. The remanence at 500 K, where irreversible reconstruction of the films starts, is still Ϸ75% of its value at RT. Figure 1 displays the evolution of the remanent in-plane moment ͑remanent Kerr ellipticity r ͒ and the coercive field H c with increasing Ar + ion fluence. At an ion energy of 0.5-1 keV, after a threshold fluence of Ϸ10 14 cm −2 , the remanent magnetization increases steeply with increasing ion dose. Initially, H c is unusually high for pure Fe, but decreases quickly with increasing ion dose. It is remarkable that the transformation is fastest with 1 keV Ar + . With lower Ar + ion energy ͑500 eV͒ the transformation process is slower but reaches the same magnetization. With higher Ar + energies ͑2-3 keV͒, the transformation is slower and does not reach the full magnetization. He + ions up to 3 keV do not magnetize the film even after prolonged irradiation.
STM images provide a better understanding of the transformation: The as-grown Fe film ͓Fig. 2͑a͔͒ shows a flat surface with the exception of monoatomic islands and holes and a few bcc needle crystals 11 ͑inset͒. After a small fluence of 1.9ϫ 10 13 cm −2 we observe the nucleation of several larger bcc needle crystals ͓Fig. 2͑b͔͒. They appear bright due to the 5%-10% larger interlayer distance of strained bcc͑110͒ iron as compared to fcc͑100͒, 11 and can reach a few 100 nm in length. After 1.5ϫ 10 14 cm −2 fluence, we find wider bcc areas ͓Fig. 2͑c͔͒ with a slightly increased roughness ͑more and smaller monoatomic islands and holes, see upper inset͒. Atomically resolved STM images ͑lower inset͒ confirm that these areas are bcc. Even after prolonged ion irradiation ͓Fig. 2͑d͔͒ large areas of about 100ϫ 100 nm 2 entirely void of bcc domains remain. The transformation proceeds mainly by growth of already existing bcc domains.
Eventually, the entire film is homogeneously transformed. The high aspect ratio of the bcc domains and the near disappearance of the coercivity on completion of the transformation process ͑coalescence of bcc domains͒ suggests shape anisotropy of the individual bcc domains as the main cause of the initially relatively high coercive field ͓Fig. 1͑b͒, cf.
Ref. 14͔.
To explain our observations, we consider the processes induced by a single Ar + ion impact. Around the impact site, the target atoms reach a high kinetic energy, sometimes referred to as "thermal spike." This means that the material is molten in a small volume, 15, 16 containing N m Ϸ 0.07E nuc / ͑k B T m ͒ atoms. 17 Here, T m is the melting temperature and E nuc is the energy transferred to the target by binary collisions. E nuc , and from that N m , was calculated by binary collision cascade simulations ͑SRIM code 18 ͒ separately for the depth ranges of Fe and Cu ͑Fig. 3͒. A few picoseconds after impact, the melt starts to recrystallize. Since the difference in free energy between fcc and bcc Fe at the melting temperature is very small ͓Ϸ1.3 meV ͑Ref. 19͔͒ and the quenching to RT is fast, recrystallization may occasionally lead to a bcc nucleus despite the fcc environment. Normally, the fcc phase is stabilized by a sufficiently high barrier related to the atom rearrangements necessary for nucleation and growth of the stable bcc phase in the solid state. During ion impact, however, this barrier is effectively bypassed by nucleation and growth from the liquid state. As soon as a bcc nucleus has formed, with further impacts it may grow by melting and recrystallization as well as by shearing neighboring fcc areas, which increases the length of the needles.
Ion bombardment also transports Cu into the Fe film. While Fe and Cu are immiscible at RT, mixing by ion impact followed by rapid quenching to RT is an efficient mixing mechanism. Particularly for higher Ar + ion energies ͑ജ2 keV͒ the fraction of Cu atoms in the molten volume becomes large ͑Fig. 3͒ and migration of Cu atoms into the Fe film more likely. As Cu does not form a bcc modification, it impedes the fcc→ bcc transformation of Fe. From the large areas remaining free of bcc nuclei ͓Fig. 2͑d͔͒, we conclude that Cu completely stops the nucleation of bcc needles at a very low Ar + ion fluence. High Ar + ion energies lead to strong intermixing, but not to a comparable increase of the molten Fe volume. A similar argument applies when He ions are used, which have a large penetration depth already at low ion energies. This nicely explains the decrease of the magnetization with increasing the Ar + ion energy above 1 keV by a lower fcc→ bcc transformation rate, and the complete failure to magnetize the film with He + ions. The decreasing magnetic moment for high ion doses ͓Fig. 1͑a͔͒ is explained by sputtering and Fe/ Cu intermixing, both decreasing the bcc volume and thereby the magnetization.
For our patterning experiments the films were protected by 2 nm Au layers against oxidation in air. In the capped state the range of useful ion energies, Ͻ2 keV for the bare films, becomes larger. For instance, 3 keV ions still lead to an efficient magnetization of the capped films. Patterning was done by an ion lithography system built by IMS Nanofabrication AG in Vienna, 20 using a Si mask and 200ϫ demagnification by electrostatic lenses. Figure 4 shows a magnetic force microscopy ͑MFM͒ image of a Au/ Fe/ Cu͑100͒ film patterned with 10 keV Ar + ions at a fluence of 2.8 ϫ 10 14 cm −2 . We find a resolution of Ϸ100 nm, which is probably limited by inaccurate focusing due to the uneven surface ͑finite depth of field͒ and by the resolution of the MFM.
In conclusion, we have observed that ion bombardment of the metastable 1.5 nm thick Fe/ Cu͑100͒ paramagnetic film leads to a transformation to the ferromagnetic bcc structure with in-plane magnetic anisotropy. Our SMOKE and STM experiments suggest a simple model of the transformation process based on melting and recrystallization, explaining the different efficiencies of transformation by the competition between bcc nucleation and Fe-Cu intermixing. In a first experiment, we have also demonstrated the feasibility of magnetic nanopatterning by ion-beam projection lithography. 
